Since their introduction in 1973, inferior vena cava filters have evolved concurrent with advancing technology, and, therefore, their use has expanded due to broader indications for insertion. This paper focuses on the challenges and future directions of this trend, including a closer look at complications, retrieval rates, and cost-effectiveness.
Introduction
Venous thromboembolism events (VTE), which include deep vein thrombosis (DVT) and pulmonary embolism (PE), are a common problem, affecting an estimated 422/100,000 people in the United States [1] . Anticoagulation is the current standard of treatment in the management of DVT and PE [2, 3] . In patients with DVT who have a contraindication to or proven failure of anticoagulation, IVC filter placement as a mode of PE prevention is well supported by Level 1 evidence and recent consensus guidelines [4] [5] [6] . There are widely accepted indications for IVC filter placement as shown in the following. See [4] [5] [6] .
Indications for Inferior Vena Cava Filters
However, over the last decade, the ease of use and retrievability of modern IVC filters have had the effect of lowering the threshold for device insertion in many clinical settings, rapidly expanding relative and prophylactic indications. Because of this trend, a closer look at complications, retrieval rates, and cost-effectiveness of IVC filter placement has been the focus of the University of Pittsburgh Medical Center Vascular Division. As one of the largest divisions in the country, it is positioned to address the challenges created by the increased IVC filter placement and to provide guidelines to address them. The following chapter will address some of the pressing clinical issues in IVC filter use and will highlight the work done at the University of Pittsburgh Medical Center. bleeding or vascular injury. However, increasing attention is being paid to long-term complications as filter placement has only now recently become commonplace since its first introduction in 1967 (Table 1) . Insertion site thrombosis/DVT occurs most frequently of complications and is more common with higher profile delivery systems [7] . Caval thrombosis occurs in 1-10% of patients, and if symptomatic, catheter-directed thrombolysis and adjunctive mechanical thrombectomy can be used [8] . Case reports detail many IVC filter complications, including successful pharmacomechanical thrombolysis in a patient requiring hemodialysis secondary to filter migration with iliocaval and renal vein thrombosis [9] . Although this is a rare complication, this case report highlights successful prompt thrombus debulking to preserve renal function in a perioperative patient at high risk for bleeding. Filter fracture, embolization from IVC filter thrombi, and migrations have also been reported. Fracture may decrease IVC filter efficacy with its structural change [10] . Embolization from IVC filter thrombi has been managed with anticoagulation, but more often, a second IVC filter is placed about the original IVC filter [11] . Migrations can occur if a standard 28 mm filter is placed in an IVC of more than 28 mm or during line exchanges. All filters that migrate above the renal veins should be retrieved. Although endovascular methods have successfully recovered migrated filters, immediate surgical extraction is necessary if percutaneous retrieval is difficult or dangerous [12] . Reports of migration into the heart are not uncommon and surgical and endovascular attempts at retrieval are well reported [13] [14] [15] .
With increasing use of IVC filters and diagnostic abdominal CT scans, imaging often reports asymptomatic extraluminal IVC filter penetration with alarming frequency (Figures 1(a) and 1(b) ) [16, [21] [22] [23] . Although symptomatic filter penetration occurs at a much lower rate, penetration into the aorta, duodenum, or the ureters has been reported. Our institution retrospectively reviewed patients with GI complications associated with IVC filters from 2008 to 2012.
Eight patients had symptomatic IVC filter related GI complications, ranging from abdominal pain, to nausea/vomiting, to fever, and to bacteremia [24] . True penetration is difficult to assess on CT scans, and, thus, asymptomatic penetration can generally be left alone. Symptoms, however, necessitate removal and repair of adjacent injured structures. Out of the eight patients reviewed at our institution for GI complications, one patient had superior mesenteric venous penetration and thrombosis treated with hydration and anticoagulation; of the seven duodenal perforations, two patients underwent successful laparotomy. Five patients had attempted endovascular retrieval. Four were successful. One patient with successful endovascular retrieval had transient sepsis treated with antibiotics. Although a relatively rare complication of IVC filter placement, removal of filter after symptomatic penetration can be safely performed either surgically or by endovascular maneuvers. Even with strut penetration through the caval wall into the surrounding viscera, endovascular retrieval is thought to be feasible and safe. Consideration of such attempts should include concurrent arterial access for control of any bleeding from aortic penetration and the use of perioperative antibiotics to prevent bacteremia from translocation of GI flora [25] [26] [27] [28] .
Retrieval Rates
In patients with a documented DVT/PE, a retrievable IVC filter should be removed when a therapeutic dose of anticoagulation has been reached and the patient has been found to tolerate this. This can be done without cessation of anticoagulation. Alternatively, prophylactic IVC filters in patients should be removed whenever the significant risk factors for DVT/PE resolve or patients can safely receive prophylactic anticoagulation. Difficult and challenging retrievals have been predicted by longer dwell times [29] .
Theoretically, the long-term complications from IVC filters should be mitigated by the introduction of retrievable filters but have not been seen. Retrieval rates for IVC filters have been generally low. A single-center study reviewed plans for IVC filter retrievals after placement between 2001 and 2006. Only 30.4% of patients had documented plans for retrievals. Of those without plans, 21.6% did not have contraindications to removal. History of malignancy and intolerance to anticoagulation predicted lower retrieval rates [30] .
A landmark paper from UPMC Pittsburgh demonstrated that a specific institutional protocol monitoring insertion and removal of IVC filters significantly increased filter retrieval rates, especially in the trauma population, a patient population that traditionally lacks routine follow-up [31] . Review of the institutional trauma registry identified consecutive patients receiving retrievable IVC filters between January 2004 and February 2007 prior to initiation of the specific retrieval protocol. A group of consecutive trauma patients receiving retrievable IVC filters from August 2007 to July 2008 after initiation of the specific retrieval protocol were then prospectively followed. Of those eligible for retrieval, retrieval attempts were made in only 42% of those patients with IVC filters placed prior to the protocol versus 95% Advances in Vascular Medicine of those patients with IVC filters placed after the protocol ( < .001). Multiple reasons account for a low retrieval rate but the primary factor included clinical oversight. This is not surprising owing to the diverse range of specialties requesting IVC filter placement and placing them [31] . After the recommendation came out of the University of Pittsburgh study and its successful results guided the implementation of institute specific retrieval protocols, retrieval rates have significantly increased with the establishment of dedicated filter clinics. Our own institution recently reviewed retrievals of IVC filters placed by vascular surgery between 2004 and 2009. The majority (67%) of the 401 patients received a prophylactic IVC filter with an overall retrieval rate of 59.1% [29] , higher than the reported literature range of 20-50% [32] [33] [34] [35] [36] . One hundred forty-two out of the 401 consecutive retrievable IVC filters placed in the study period had no attempted retrieval. The most common reason for nonretrieval was physician oversight [29] . We have found that for most success in filter retrieval the proceduralist service, whether vascular surgery or interventional radiology, should be responsible for patient management and arranging retrieval [31, 37] . Although most nonretrievals are due to inattention to patient management or patient noncompliance, difficult retrievals may further decrease enthusiasm for improving retrieval rates. Troubleshooting difficult retrievals have become the topic of many case reports. We have examined patient-related and device-specific predictors of challenging and failed retrievals. During this study period, four hundred and one patients underwent IVC filter placement. Approximately two-thirds were for prophylactic indications. Overall retrieval rate was 59.1% with 237 successful retrievals out of 259 attempts. Failed retrievals were significantly predicted by prolonged dwell time, therapeutic indication, and filter wall apposition. Challenging retrievals were defined when adjunctive endovascular maneuvers were necessary to attempt retrieval. Thirty-eight (15.3%) out of 248 nonaborted retrievals were defined as challenging and predicted by increased dwell time, filter tilt, and filter wall apposition.
The tilt of the filter often prevents successful snaring of the hook, as it embeds into the caval wall or leans into the renal vein [38, 39] . Large caliber balloons can be utilized from the femoral approach, inflated above the filter, and pulled against the IVC filter to correct its tilt. The balloon can also be wedged between the filter and IVC caval wall to push the hook towards the caval center for better exposure [40] .
A second snare from the femoral vein can be used to delicately grasp a filter leg, tilting the hook away from the wall. Endobronchial forceps have been used to grasp and maneuver the IVC filter directly under direct fluoroscopic guidance [41] . A Glidewire (Terumo, Somerset, NJ) or pigtail catheter has been often used as a retraction loop snare through the filter apex to straighten a tilt [42] . "Flossing" of the filter with a wire from the femoral vein captured by the jugular snare can assist in restraightening but involves dual access from both the femoral and jugular veins [43] [44] [45] . Increased dwell time predicts more tissue ingrowth into the cava and the use of endovascular laser sheath as a thermal dissection device has been described [46] . Although filter tilt renders retrieval difficult, with the introduction of other innovative endovascular maneuvers, it does not predict retrieval failure [29] .
Troubleshooting filter retrievals should be approached with caution. Administration of heparin is recommended with difficult retrievals as clot typically builds up around wires. Fracture or entanglement of snares/wires within the IVC filter struts is not uncommon and attempts should not be at the expense of necessitating open IVC foreign body retrieval or patient injury.
Cost-Effectiveness of Retrievable IVC Filters
No current Level 1 evidence exists suggesting prophylactic IVC filters in the trauma population are superior to prophylactic doses of anticoagulation. In addition, no evidence exists to recommend a specific duration of time during 4 Advances in Vascular Medicine which IVC filters should be placed in patients who cannot be anticoagulated and provide maximal therapeutic benefit. The Eastern Association of Trauma (EAST) and American College of Chest Physicians (ACCP) have contributed to wide variations in practice patterns due to conflicting guidelines [3, 47] . Although current data only supports IVC filter use in patients with known thromboembolism with a contraindication to therapeutic anticoagulation or those who cannot be prophylactically anticoagulated more than 72 hours after injury, clinical decisions vary and remain individualized in the absence of Level 1 evidence.
In the context of conflicting societal recommendations and the low but not negligible morbidity associated with IVC filter placement, the cost of the procedure and device contribute to the controversy surrounding prophylactic filter use. Our institution contributed the first of its kind cost analysis and Markov modeling of IVC filter use in high-risk trauma patients. The study demonstrated that the minimal effectiveness of prophylactic IVC filtration to prevent PE in this population was estimated to cost over $380,000 per gained quality of life year. Both the clinical and economic implications of this study should not be underestimated. In both the initial hospitalization and long-term healthcare costs, prophylactic IVC filtration was not a cost-effective intervention [48] . These results are theoretic and limited by the assumptions used in the Markov model but were the first to highlight cost-effectiveness as a potential contributing factor in resolving the conflict between different societal practice guidelines. The model is constrained by the thresholds of variables that contribute to the model but plays a significant role in reminding all clinicians that not only the probabilities of complications and effectiveness from placing or not placing the IVC filter should affect decision-making but also societal cost should play a role in clinical practice.
Future Directions
Once the clinical decision has been made to insert an IVC filter, clinicians must decide on a particular filter model and type. Although the clinical scenario will likely determine the filter type (i.e., permanent versus retrievable) and lessons can be learned from the only randomized controlled trial involving permanent filters [49] , no randomized clinic trial between different retrievable filter models has been performed. Despite the evolution of filter designs and updates, no comparative studies to show one retrievable filter superiority over another exist. In addition, although the PREPIC trial showed caval filtration with permanent IVC filters to be effective in preventing pulmonary embolisms, the advent of retrievable filters negates the long-term risks described with permanent filters. To fully evaluate the risks, benefits, and alternations of retrievable IVC filters in specific patient populations, prospective randomized controlled trials are necessary to determine the most appropriate thromboembolic prevention that improve patient survival while minimizing complications. However, due to the small incidence of IVC filter complications and the costs and ethical dilemmas of imaging asymptomatic patients after IVC filter placement, a large randomized trial is impractical. The PRESERVE (predicting the safety and effectiveness of inferior vena cava filters) study will be a multicenter prospective registry, advocated by the Society of Vascular Surgery (SVS) as well as the Society for Interventional Radiology (SIR) as well as seven IVC filter manufacturers. In the absence of a randomized trial, hopefully the PRESERVE study will be able to give clinicians practical guidance on filter choice and real risk for patients.
Retrieval rates, despite the integration of institutional specific protocols, are alarmingly low. The clinical benefits of removal have not been fully elucidated, and thus, strict adherence to following these patients, whether by the proceduralist or a dedicated retrieval team, must be carried out to maximize retrieval rates. In addition, referring clinicians should be educated on the risks, benefits, alternatives, and the need for retrieval, as many are aware of the benefits of caval interruptions but not of the responsibility during and after placement.
As Avgerinos et al. demonstrated challenging retrievals are predicted by factors that imply difficult retrieval due to endothelial proliferation or neointimal incorporation into the caval wall (i.e., increased dwell time, filter tilt, etc.) [29] . The mechanism behind this response is poorly understood but creates an opportunity to modify current temporary IVC filters to more favorable retrieval attempts. Methods to reduce or document the rate of endothelial proliferation will dramatically impact more successful retrieval attempts.
Conclusions
The field of caval filtration has rapidly developed by changes to technology and design modification over the past 40 years to include various commercially available permanent and retrievable IVC filters placed percutaneously. The University of Pittsburgh Medical Center, as a large center serving a wide geographic area, has tried to address many of the questions and challenges that arise from their use. Clinical trials will further compare IVC filter advantages/disadvantages, further define indications, explore maximum patient benefit, and outline cost-effectiveness.
